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The knowledge and the capacity to describe the phase equilibria of systems composed by transesteriﬁca-
tion products are very important for an adequate design and operation of biodiesel production and puri-
ﬁcation facilities. Despite their importance for the production of ethylic biodiesel, fatty acid ethyl
ester + ethanol + glycerol systems have been, up to now, object of less attention than the corresponding
systems formed during biodiesel production using methanol.
In this work, new experimental measurements were performed for the liquid–liquid equilibria of the
systems ethyl linoleate/ethyl oleate/ethyl palmitate/ethyl laurate + ethanol + glycerol at 323.15 and
333.15 K. It is shown that the Cubic-Plus-Association Equation of State (CPA EoS) can successfully predict
the new experimental data with global average deviations inferior to 6%.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Biodiesel is at the front line of the new energy solutions to the
environmental, political and economical problems related to the
use of petroleum based fuels [1]. It can be mixed in all proportions
with regular diesel with no motor changes, it is easy to store and
transport, has a more favorable combustion proﬁle, it is biodegrad-
able, non-toxic and provides lower emissions proﬁles [2,3].
Biodiesel consists on a blend of fatty acid esters that are industri-
ally produced through the transesteriﬁcation of a vegetable oil or
a fat with an alcohol, usually using a basic catalyst to increase
the reaction speed and yield [2].
Methanol is the most commonly used alcohol considering its
low price and chemical advantages in the process [3,4], although
alternatively other alcohols may be used in the esteriﬁcation
route [5,6]. In fact, bearing in mind that methanol is mainly ob-
tained from non-renewable sources such as natural gas or coal,
methylic biodiesel production and use is not completely carbon
neutral concerning environmental problems [7,8]. Biodiesel pro-
duced from ethanol is entirely based on renewable agricultural
sources, has a superior dissolving capability, lower toxicity, higher
heat content, higher cetane index and lower cloud and pourlsevier OA license. 
x: +55 19 3521 4027.
relles).points [5,9,10]. Considering these advantages, its use is a quite
promising route in the case of biodiesel production in Brazil,
where ethanol is produced in large quantities from sugar cane
[11].
The transesteriﬁcation reaction occurs in a multiphase reactor
where the oil reacts with ethanol to produce fatty acid ethyl esters
and glycerol [12]. The initial ethanol–vegetable oil two phase reac-
tive mixture [13] changes into an ethanol–glycerol–fatty acid ethyl
ester (biodiesel) partially miscible system. Due to the restricted
solubilities between FAEEs and glycerol, the current of products
leaving the reactor is a biphasic stream composed of the glycerol
rich phase and ethyl esters rich phase. The unreacted ethanol is
distributed between these two phases [14].
Understanding and predicting the products distribution be-
tween the immiscible phases in a broad range of thermodynamics
conditions is required to properly evaluate operating conditions of
existing or new ethylic biodiesel production and puriﬁcation pro-
cesses. Operation costs can be reduced and biodiesel quality as-
sured, subsequently increasing the industrial feasibility of the
process and biodiesel acceptance among consumers. Liquid–liquid
equilibria of ternary systems composed of fatty acid esters (usually
fatty acid methyl esters), glycerol and alcohols have recently been
the focus of several research works. Csernica et al. [15] experimen-
tally determined the LLE data for a commercial biodiesel + glyc-
erol + methanol system. Negi et al. [16] and Andreatta et al. [17]
Nomenclature
Kd distribution coefﬁcient
S solvent selectivity
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L.A. Follegatti-Romero et al. / Fuel 94 (2012) 386–394 387measured the LLE of the methyl oleate + glycerol + methanol
system and compared the experimental data with predictions from
different UNIQUAC models and the Association Group Contribution
Equation of State (GCA EoS). Two versions of the UNIFAC model
were also used by Tizvar et al. [18] to predict their experimental
results for the LLE of the system methyl oleate + glycerol + metha-
nol + hexane. And ﬁnally, França et al. [19] and Machado et al. [20]
measured the LLE of the castor oil methyl ester biodiesel + glyc-
erol + methanol/ethanol systems at 298.15 and 333.15 K and com-
pared the experimental data with predictions from the UNIQUAC
and the NRTL models, respectively.
Fatty acid ethyl esters containing systems have been much less
studied. Up to now, LLE data have only been presented for the
soybean oil ethylic biodiesel + ethanol + glycerol [21] and for the
canola oil based ethyl ester biodiesel + ethanol + glycerol [22]
systems.
An alternative to the usually applied activity coefﬁcient models
to predict systems with polar compounds with strong associative
interactions found at the biodiesel production and puriﬁcation pro-
cesses is the use of association equations of state. Recently, Barreau
et al. [23] used the Group Contribution Statistical Associating Fluid
Theory (SAFT) to describe the measured LLE data for the methyl
oleate + glycerol + methanol system.
A much simpler and reliable alternative was recently proposed
by Coutinho and co-workers [24–30] using the Cubic-Plus-Associ-
ation Equation of State (CPA EoS). The CPA EoS was applied to de-
scribe the LLE of the above mentioned multicomponent systems
showing a similar, if not even better, performance than the group
contribution methods referred above, using no more than two,
transferable and temperature independent binary interaction
parameters [27].
The objective of this work was to increase the available liquid–
liquid equilibria data for systems containing fatty acid ethyl esters,
ethanol and glycerol of interest for the production of ethylic biodie-
sel, in particular the equilibria data for systems containing ethyl
linoleate/ethyl oleate/ethyl palmitate/ethyl laurate + etha-
nol + glycerol at 323.15 and 353.15 K.
The excellent extrapolation and predictive performance of the
CPA EoS was also used here to predict the measured LLE data, using
binary interaction parameters previously established from binary
phase equilibria data.2. Experimental section
2.1. Materials
Ethyl palmitate and ethyl laurate used in this work were pur-
chased from Tecnosyn (Cajamar/SP, Brazil), and their mass purities
were 99.5%, and 99.3%, respectively. Ethyl oleate and ethyl linole-
ate used were purchased from Sigma Aldrich, with mass purities
of 77.5% and 97%, respectively. The purities of all fatty acid ethyl
esters were determined by Gas Chromatography. In case of the
technical grade ethyl oleate the main contaminant was ethyl lino-
leate. The solvents used were anhydrous ethanol from Merck, with
a mass purity of 99.9%, and tetrahydrofuran (THF) from Tedia, with
a mass purity of 99.8%. The glycerol used was purchased from
Merck, with mass purity of 99.5%.
Ethyl esters, ethanol and glycerol quantiﬁcation was carried out
in a Shimadzu VP series HPLC equipped with two LC-10ADVP sol-
vent delivery units for binary gradient elution, a model RID10A dif-
ferential refractometer, an automatic injector with an injection
volume of 20 lL, a model CTO-10ASVP column oven for precision
temperature control even at sub-ambient temperatures, a single
HPSEC Phenogel column (100 Å, 300 mm  7.8 mm ID, 5 mm), a
Phenogel column guard (30 mm  4.6 mm), a model SCL-10AVP
system controller and LC-Solution 2.1 software for remote
management.
2.2. Apparatus and procedures
The liquid–liquid equilibria data for the systems containing
ethyl linoleate/ethyl oleate/ethyl palmitate/ethyl laurate + etha-
nol + glycerol were determined at 323.15 and 353.15 ± 0.1 K. Tie
lines were determined using glass test tubes with screw caps (32
and 10 mL). Known quantities of each component were weighed
on an analytical balance with a precision of 0.0001 g (Precisa, mod-
el XT220A, Sweden) and added directly to the glass test tubes. The
mixture of ethyl ester, ethanol and glycerol was maintained under
intensive agitation for 10 min at constant temperature and pres-
sure using a test tube shaker (Phoenix, model AP 56). The ternary
mixture was then left at rest for 24 h in a thermostatic water bath
at the desired temperature, until two separate, transparent liquid
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ples were taken separately from the upper and bottom phases
using syringes and diluted immediately with THF to guarantee an
immediate dilution of the samples and avoid further separation
into two liquid phases at ambient temperature. It was used the
same procedure described in a previous work by Follegatti-Romero
et al. [31].
Samples from the two phases were analyzed by liquid chroma-
tography (HPLC). The quantitative determination was carried out
using calibration curves (external calibration) obtained using stan-
dard solutions for each system component: ethyl esters, ethanol,
and glycerol. These compounds were diluted with THF in the con-
centration range from 0.5 to 100 mg/mL. The experimental data for
each tie-line were replicated at least three times and the values re-
ported in the present work are the average ones. The mass frac-
tions of ethyl esters, ethanol and glycerol were determined from
the areas of the corresponding HPSEC chromatographic peaks, ad-
justed by the response factors obtained by previous calibration.
Distribution coefﬁcients and the solvent selectivity were calcu-
lated according to Eqs. (1) and (2), respectively, using the experi-
mental compositions of both phases.
Kd5 ¼ w
GP
5
wEP5
ð1Þ
S5=i ¼ Kd5Kdi ð2Þ
where Kd5 is the distribution coefﬁcient for ethanol, w5 is its mass
fraction in the glycerol (GP) or ester (EP) phases, respectively, and
S5/i stands for the solvent selectivity. Note that glycerol can be con-
sidered as a solvent able to extract ethanol from the ester phase
and, in this way, the solvent selectivity reﬂects its effectiveness in
recovering ethanol from the lipophilic phase (i = 1–4 for ethyl
esters).
2.3. Thermodynamic modeling
The Cubic-Plus-Association Equation of State (CPA-EoS) was
used to predict the experimental data for the systems containing
fatty acid ethyl ester + ethanol + glycerol at 323.15 and 333.15 K.
The CPA-EoS takes into account speciﬁc interactions between
like (self-association) and unlike (cross-association) molecules
[32–34]. It combines a physical contribution from a Cubic Equation
of State, in this work the Soave–Redlich–Kwong (SRK), with an
association term accounting for intermolecular hydrogen bonding
and solvation effects, [35,36] originally proposed by Wertheim
for ﬂuids with highly directed attractive forces and used in other
association equations of state such as SAFT [37].
It can be expressed in terms of the compressibility factor as:
Z ¼ Zphys: þ Zassoc:
¼ 1
1 bq
aq
RTð1þ bqÞ 
1
2
1þ q @ ln g
@q
 X
i
xi
X
Ai
ð1 XAi Þ ð3Þ
where a is the energy parameter, b the co-volume parameter, q is
the molar density, g a simpliﬁed hard-sphere radial distribution
function, XAi the mole fraction of pure component i not bonded at
site A, and xi is the mole fraction of component i.
The pure component energy parameter, a, is obtained from a
Soave-type temperature dependency:
aðTÞ ¼ a0 1þ c1 1
ﬃﬃﬃﬃﬃ
Tr
p h i2
ð4Þ
where a0 and c1 are regressed (simultaneously with b) from pure
component vapor pressure and liquid density data.When CPA is extended to mixtures, the energy and co-volume
parameters of the physical term are calculated employing the con-
ventional van der Waals one-ﬂuid mixing rules:
a ¼
X
i
X
j
xixjaij aij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
aiaj
p ð1 kijÞ ð5Þ
and
b ¼
X
i
xibi ð6Þ
XAi is related to the association strength DAiBj between sites
belonging to two different molecules and is calculated by solving
the following set of equations:
XAi ¼ 1
1þ qP
j
xj
P
Bj
XBjD
AiBj
ð7Þ
where
DAiBj ¼ gðqÞ exp e
AiBj
RT
 
 1
 
bijb
AiBj ð8Þ
where eAiBj and bAiBj are the association energy and the association
volume, respectively.
The simpliﬁed radial distribution function, g(q), is given by
[38]:
gðqÞ ¼ 1
1 1:9g where g ¼
1
4
bq ð9Þ
For non-associating components, such as ethyl esters, CPA has
three pure component parameters in the cubic term (a0, c1 and
b), while for associating components, such as glycerol and etha-
nol, it has two additional parameters in the association term
(e and b). In both cases, the parameters were regressed simulta-
neously from the vapor pressure and liquid density data found in
the literature. The objective function to be minimized is the
following:
OF ¼
XNP
i
Pexptli  Pcalcdi
Pexptli
 !2
þ
XNP
i
qexptli  qcalcdi
qexptli
 !2
ð10Þ
For a binary mixture composed solely of non-associating com-
pounds, the binary interaction parameter, kij (Eq. (5)), is the only
adjustable parameter.
When CPA is used for mixtures containing two self-associating
compounds, combining rules for the association term are required
[39,40], and in this work the Elliott Combining Rule (ECR) [40] was
used:
DAiBj ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DAiBiDAjBj
p
ð11Þ
Solvation can occur in some systems containing self-associating
and non-self-associating compounds, as in the case of the
ester + glycerol or ester + ethanol mixtures investigated in this
work. For this type of systems, the solvation phenomena is consid-
ered as a cross-association by the CPA EoS, where the cross-associ-
ation energy (eAiBj) is considered to be half the value of the
association energy for the self-associating component and the
cross association volume (bAiBj) is left as an adjustable parameter,
ﬁtted to the equilibria data. This approach, proposed by Folas
et al. [41], was successfully applied to model the phase equilibria
of the ethyl laurate/ethyl myristate + ethanol + water system [31]
and of multicomponent systems involving fatty acid esters, alco-
hols and glycerol [27,30].
In these cases, the following objective function was minimized
to estimate the parameters kij and bAiBj:
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XNP
i
xcalcdi  xexptli
xexptli
 !2
ð12Þ
where single phase or all phase data can be selected during the
parameter optimization. The association term depends on the num-
ber and type of association sites. According to the nomenclature of
Huang and Radosz [42] for alcohols, the two-site (2B) association
scheme is applied, which proposes that hydrogen bonding occurs
between the hydroxyl hydrogen and one of the lone pairs of elec-
trons from the oxygen atom of another alcohol molecule. For the
ester family, a single association site is considered that can cross-
associate with self-associating molecules. For glycerol, a new asso-
ciation scheme previously proposed for glycerol, the 3  2B scheme,
is applied [28].Table 1
Experimental liquid–liquid equilibria data for the ternary systems containing ethyl ester (
Ethyl ester (i) Overall composition Glycerol-rich p
T/K 100 wi 100 w5 100 w6 100 wi 10
Linoleate (1) 323.15 27.483 45.309 27.208 9.936 54
25.813 41.583 32.604 7.155 50
32.158 33.227 34.615 3.564 44
36.702 24.976 38.322 1.540 34
20.501 20.502 58.997 1.123 23
20.613 13.927 65.460 0.970 15
22.360 0.000 77.640 0.900 0.0
353.15 18.650 47.149 34.201 12.597 50
16.563 41.919 41.518 7.639 46
15.600 37.952 46.448 4.663 41
17.271 28.658 54.071 1.469 33
20.322 21.198 58.480 1.228 23
20.904 12.712 66.384 1.092 15
26.471 0.000 73.529 0.970 0.0
Oleate (2) 323.15 23.895 52.256 23.849 16.171 56
29.577 40.816 29.607 8.713 50
31.981 35.881 32.138 5.489 46
35.524 29.041 35.435 2.835 38
41.474 17.048 41.478 0.576 25
44.727 10.542 44.731 0.252 15
37.681 0.000 62.319 0.190 0.0
353.15 29.577 40.526 29.897 9.219 47
34.124 31.384 34.492 3.762 42
39.271 21.590 39.140 2.521 30
41.531 17.990 40.479 1.886 24
44.317 11.510 44.173 0.900 14
28.996 0.000 71.004 0.320 0.0
Palmitate (3) 323.15 24.958 49.842 25.200 12.350 55
28.544 42.076 29.380 5.852 51
34.244 31.200 34.556 2.323 41
39.341 21.007 39.652 1.384 28
43.000 13.733 43.267 0.592 21
45.690 8.616 45.694 0.299 12
54.967 0.000 45.033 0.174 0.0
353.15 31.087 37.493 31.420 6.510 47
34.325 32.040 33.635 4.707 42
38.156 24.250 37.594 1.202 33
40.452 18.784 40.764 0.794 24
44.317 11.414 44.269 0.322 14
66.466 0.000 33.534 0.190 0.0
Laurate (4) 323.15 29.750 40.540 29.710 7.345 46
34.696 30.646 34.658 2.625 38
39.341 21.557 39.102 1.282 28
43.603 12.752 43.645 0.876 15
64.251 0.000 35.749 0.280 0.0
353.15 32.014 36.841 31.145 10.984 42
34.504 30.895 34.601 3.806 37
38.131 23.819 38.050 1.278 29
41.184 17.265 41.551 0.893 20
44.780 10.027 45.193 0.525 11
56.267 0.000 43.733 0.649 0.0
a Kd5 is the ethanol distribution coefﬁcient according to Eq. (1).
b S5/i is the solvent selectivity according to Eq. (2).The average deviations (AD) between the experimental compo-
sitions and those estimated by the CPA EoS were calculated accord-
ing to the following equation:AD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
n
PR
i
wGP;exptli;n wGP;calcdi;n
 2
þ wEP;exptli;n wEP;calcdi;n
 2 
2 NR
vuuut
ð13Þwhere AD is the average deviation for each system, N is the total
number of tie lines of the corresponding system, R is the total num-
ber of components (R = 3),w is the mass fraction in the glycerol (GP)
or ester phases (EP), respectively, i is the component, the subscript ni) + anhydrous ethanol (5) + glycerol (6) at 323.15 and 353.15 ± 0.1 K.
hase Ester-rich phase Kd5a S5/ib
0 w5 100 w6 100 wi 100 w5 100 w6
.765 35.299 72.285 24.316 3.399 2.25 16.385
.205 42.640 74.970 21.352 3.678 2.35 24.637
.020 52.416 82.498 15.243 2.259 2.89 66.848
.771 63.689 86.552 11.819 1.629 2.94 165.346
.494 75.383 90.790 7.786 1.424 3.02 243.950
.511 83.519 94.234 4.647 1.119 3.34 324.267
00 99.100 99.200 0.000 0.800
.377 37.026 66.197 27.077 6.726 1.86 9.777
.268 46.093 74.647 21.620 3.733 2.14 20.912
.977 53.360 78.431 18.562 3.007 2.26 38.037
.044 65.487 82.944 15.127 1.929 2.18 123.340
.469 75.303 89.617 8.711 1.672 2.69 196.616
.492 83.416 93.158 5.326 1.516 2.91 248.144
00 99.030 99.101 0.000 0.899
.170 27.659 61.097 31.992 6.911 1.76 6.634
.359 40.928 73.713 21.801 4.486 2.31 19.542
.320 48.191 77.313 19.210 3.477 2.41 33.963
.716 58.449 83.052 14.437 2.511 2.68 78.562
.640 73.784 89.422 8.406 2.172 3.05 473.533
.447 84.301 92.794 5.232 1.974 2.95 1087.166
00 99.810 98.161 0.000 1.839
.900 42.881 69.551 24.936 5.513 1.92 14.492
.254 53.984 79.830 17.532 2.638 2.41 51.143
.898 66.581 85.889 11.972 2.139 2.58 87.928
.325 73.789 88.400 9.630 1.970 2.53 118.396
.600 84.500 91.891 6.335 1.774 2.30 235.308
00 99.680 98.027 0.000 1.973
.910 31.740 57.058 32.496 10.446 1.72 7.949
.753 42.395 73.558 21.545 4.897 2.40 30.194
.218 56.459 80.684 16.306 3.010 2.53 87.797
.931 69.685 88.353 10.635 1.012 2.72 173.665
.123 78.285 92.431 7.261 0.308 2.91 454.208
.961 86.740 94.761 5.013 0.226 2.59 819.406
00 99.826 99.947 0.000 0.053
.480 46.010 74.236 20.437 5.327 2.32 26.493
.686 52.607 77.302 18.281 4.417 2.33 38.347
.092 65.706 81.289 15.720 2.991 2.11 142.363
.802 74.404 85.124 12.753 2.123 1.94 208.500
.096 85.582 92.123 7.438 0.439 1.90 542.191
00 99.810 99.919 0.000 0.081
.431 46.224 58.317 33.686 7.997 1.38 10.944
.388 58.987 72.829 23.709 3.462 1.62 44.922
.699 70.019 83.601 14.846 1.553 1.93 126.061
.434 83.690 91.651 7.824 0.525 1.97 206.387
00 99.720 99.972 0.000 0.028
.193 46.823 58.393 31.852 9.755 1.32 7.042
.925 58.269 71.053 24.273 4.674 1.56 29.169
.904 68.818 77.561 19.873 2.566 1.50 91.323
.283 78.824 84.710 13.855 1.435 1.46 138.870
.786 87.689 91.601 7.640 0.759 1.54 269.162
00 99.351 99.871 0.000 0.129
50
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refer to the experimental and calculated compositions.w5
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w
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Fig. 1. Distribution diagram for ethyl oleate (2) + ethanol (5) + glycerol (6) (–d–,
this work) and for methyl oleate + methanol + glycerol (–j–, Andreatta et al. [17])
at 353.15 K.3. Results and discussion
Liquid–liquid equilibria data at atmospheric pressure for the
ethyl linoleate/ethyl oleate/ethyl palmitate/ethyl laurate + etha-
nol + glycerol systems at 323.15 and 353.15 K are presented at Ta-
ble 1. The accuracy and precision of the experimental data were
evaluated through Type A uncertainty, calculated by the standard
deviations of the analytical measurements [43]. The uncertainties
of the equilibria compositions ranged from (0.05 to 0.88)% by mass
for ethyl esters, (0.03 to 0.37)% for ethanol and (0.02 to 0.33)% for
glycerol, with the lowest ﬁgures associated with the lowest mass
fractions within the composition range investigated.
Based on the total system mass and on the phase and overall
compositions, mass balances were checked according to the proce-
dure suggested by Marcilla et al. [44] and recently applied to sys-
tems containing ethyl esters by Follegatti-Romero et al. [31].
According to this procedure, the mass of both liquid phases was
calculated and checked against the total initial mass used in the
experimental runs. Average results obtained for the mass balance
deviations of each set of experimental data are shown in Table 2.
In all cases, values were lower than 0.30%, indicating the good
quality of the measured data. The equilibrium data were tested
using the Othmer-Tobias and Hand correlations [45,46]. Regression
coefﬁcients higher than 0.965 were obtained for all the sets of data
measured in the present work, conﬁrming their consistency.
Ethanol distribution coefﬁcients (Table 1) were calculated as
the ratio of the ethanol mass fraction in the glycerol rich phase
to the ethanol mass fraction in the ethyl ester rich phase (Eq.
(1)). Distribution coefﬁcient values were superior to 1.3 showing,
as expected, that the glycerol phase is richer in ethanol than the
ethyl ester phase.
The distribution diagram for ethanol in the ethyl oleate + etha-
nol + glycerol system (this work) is presented in Fig. 1 along with
the methanol distribution diagram in the methyl oleate + metha-
nol + glycerol system [17]. Methanol distribution coefﬁcients are
higher, meaning that in ethanol containing systems the mutual sol-
ubility among components (ethyl esters and glycerol) is higher
than those in methanol systems. That can be explained taking into
account that esters of long-chain fatty acids are non-polar com-
pounds and consequently ethanol (less polar) is more soluble in
the fatty acid ester phase than methanol. This fact was already
emphasized by Zhou and Boocock [47] in their study about the
alcohol distribution between the glycerol and ester rich phases
during the transesteriﬁcation reaction with ethanol and methanol.
These authors observed that 42.0% of the alcohol was in the ester
rich phase at the end of methanolysis but this percentage increasedTable 2
Deviations (d) for the global mass balance of the phase compositions.
System 100 da
Ethyl linoleate + ethanol + glycerol at 323.15 K 0.19
Ethyl linoleate + ethanol + glycerol at 353.15 K 0.25
Ethyl oleate + ethanol + glycerol at 323.15 K 0.12
Ethyl oleate + ethanol + glycerol at 353.15 K 0.27
Ethyl palmitate + ethanol + glycerol at 323.15 K 0.19
Ethyl palmitate + ethanol + glycerol at 353.15 K 0.16
Ethyl laurate + ethanol + + glycerol at 323.15 K 0.18
Ethyl laurate + ethanol + glycerol at 353.15 K 0.16
Average global deviation 0.19
a Relative deviation of the overall mass balance, calculated by
d ¼ 1N
PN
n jðmEP þmGP mOSÞ=mOSj , where mEP is the calculated mass of the ester-
rich phase, mGP is the corresponding value of the glycerol-rich phase, mOS is the
total mass of the system, and n is the tie line number.to 75.4% in case of ethanolysis. Glycerol selectivity was high and in
most cases above 100. However, it decreases with increasing etha-
nol mass fraction (see Table 1). This occurs because higher
amounts of ethanol enhance the mutual solubility of the glycerol
and ester rich phases.
The CPA EoS was used to predict the experimental liquid–liquid
equilibria data. The CPA EoS was previously used with success for
the description of the LLE of biodiesel multicomponent systems
such as ethyl laurate/myristate + ethanol + water [31], methyl
stearate/methyl myristate + ethanol + glycerol, methyl oleate/
methyl myristate + methanol + glycerol [27] and canola oil ethylic
biodiesel + ethanol + glycerol [22], using the same temperature
independent binary interaction and cross-association parameters.
To apply the CPA EoS to model the phase equilibria of multi-
component systems, the CPA pure compound parameters (a0, c1
and b) are ﬁrst estimated, usually, trough a simultaneous regres-
sion of vapor pressure and liquid density data. In this way, CPA
EoS parameters for several esters families were proposed in a pre-
vious work [30] where it was also shown that the parameters a0, c1
and b follow a linear trend with the ester carbon number. Conse-
quently, correlations to compute these parameters were proposed
enabling to estimate them for new compounds when liquid density
and vapor pressure data are not available. These correlations were
already applied to compute fatty acid esters CPA pure compound
parameters enabling to properly predict, for instance, the near
and supercritical VLE of fatty acid ester + alcohol systems [25,26].
With the recent appearance of experimental data for ethyl es-
ters vapor pressures [48] and liquid densities [49] it was also pos-
sible to estimate esters CPA pure compound parameters by a
simultaneous regression of these pure component data. Critical
temperatures (Tc) for fatty acid ethyl esters were determined from
the group contribution method of Nikitin et al. [50], that was pre-
viously assessed to be the best one to compute this property for
ethyl esters [51]. Thus, two set of CPA pure compound parameters
for esters were considered in the present work, a ﬁrst set based on
the regression of vapor pressure and liquid density data and a sec-
ond one estimated from literature correlations. Both sets were
used in the LLE prediction. The parameters obtained with the
two referred approaches are presented at Table 3 as well as the li-
quid densities and vapor pressures deviations.
The ﬁve CPA pure parameters for ethanol were previously
established while performing a systematic study on the pure com-
pound parameters for the n-alcohol family from methanol to n-
eicosanol, using the 2B association scheme [52]. The CPA pure
parameters for glycerol were previously established considering
Table 3
CPA pure compound parameters, modeling results and critical temperatures.
Compound Tc (K) a0 (J m3 mol2) c1 B  105 (m3 mol1) e (J mol1) b 100 AADc
P q
Ethyl linoleatea 785.19 11.99 1.82 36.13 – – 0.27 0.26
Ethyl oleatea 771.07 14.36 1.34 37.64 – – 6.00 0.61
Ethyl palmitatea 766.41 9.82 2.12 33.80 – – 0.37 0.17
Ethyl lauratea 719.13 7.00 1.92 26.12 – – 4.29 0.33
Ethyl linoleateb 785.19 12.09 1.75 37.17 – – 38.05 3.58
Ethyl oleateb 771.07 12.09 1.75 37.17 – – 44.06 0.28
Ethyl palmitateb 766.41 10.80 1.65 33.37 – – 39.00 0.55
Ethyl laurateb 719.13 8.23 1.45 25.93 – – 1.03 14.44
Ethanol 514.70 0.68 0.94 4.75 21336 0.0190 0.35 0.51
Glycerol 766.10 1.21 1.06 6.96 19622 0.009 0.77 1.49
a Parameters calculated from vapor pressure and density data.
b Parameters calculated using linear correlations with the ester carbon number.
c AAD is calculated by AAD ¼ 1N
PNp
i¼1jðexptli  calcdiÞ=exptlij.
Table 4
Binary interaction and cross-association parameters used to model ternary systems
LLE.
kij (unsaturated fatty acid ester + ethanol) 0.026
kij (ethyl palmitate + ethanol) 0.020
kij (ethyl laurate + ethanol) 0.083
kij (fatty acid ester + glycerol) 0.129
bij (fatty acid ester + ethanol) 0.10
bij (fatty acid ester + glycerol) 0.100
kij (ethanol + glycerol) 0.060
K5 exptl
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Fig. 2. Ethanol distribution coefﬁcient from the CPA EoS versus the experimental
ethanol distribution coefﬁcient for the systems ethyl ester (i) + ethanol (5) + glyc-
erol (6) at 323.15 K: ds, ethyl linoleate; jh, ethyl oleate; e, ethyl palmitate; N,
ethyl laurate. Full symbols represent CPA EoS results using CPA pure parameters for
esters computed from ester carbon number correlations and the empty symbols
represent the CPA EoS results using pure parameters for esters calculated from
density and vapor pressure data.
Table 5
Average deviations (AD) between the experimental and CPA phase compositions.
System 100ADa 100ADb
Ethyl linoleate + ethanol + glycerol at 323.15 K 4.18 2.94
Ethyl linoleate + ethanol + glycerol at 353.15 K 3.81 5.35
Ethyl oleate + ethanol + glycerol at 323.15 K 6.45 7.29
Ethyl oleate + ethanol + glycerol at 353.15 K 3.11 3.48
Ethyl palmitate + ethanol + glycerol at 323.15 K 3.91 9.60
Ethyl palmitate + ethanol + glycerol at 353.15 K 2.71 3.14
Ethyl laurate + ethanol + + glycerol at 323.15 K 12.48 9.11
Ethyl laurate + ethanol + glycerol at 353.15 K 10.41 10.45
Average global deviation 5.88 6.42
a Using CPA pure compound parameters for esters computed from ester carbon
number correlations.
b Using CPA pure compound parameters for esters computed from vapor pressure
and liquid density data correlation.
L.A. Follegatti-Romero et al. / Fuel 94 (2012) 386–394 391the 3  2B scheme, and used for modeling the phase equilibria of
several glycerol + alcohol and glycerol + water systems [28].
The remaining parameters to be obtained are the binary inter-
action parameters, kij, and the cross-association volumes, bij. In
the same way as performed when predicting the LLE of multicom-
ponent systems composed of fatty acid methyl esters + metha-
nol + glycerol [27], and taking advantage of the transferability of
the CPA parameters, binary interaction parameters for the binary
subsystems were obtained from binary equilibria data. The possi-
ble subsystems comprise fatty acid ethyl ester + glycerol, glyc-
erol + ethanol and fatty acid ethyl ester + ethanol mixtures. The
binary interaction parameter, kij, between ethyl esters and ethanol
were obtained from a linear correlation with the ethyl ester carbon
number and the bij for this binary was ﬁxed to 0.1. These correla-
tions and the constant value were previously established by Oli-
veira et al. [26] when correlating isothermal vapor–liquid
equilibria of ethanol + ester systems, with esters from 5 up to 19
carbons, at atmospheric pressure and at temperatures ranging
from 339 to 440 K. For fatty acid ester + glycerol mixtures, the bin-
ary interaction parameter (kij) and the cross-association volume
(bij) were ﬁxed in 0.129 and 0.1, respectively, for all systems stud-
ied. These values were ﬁtted from mutual solubility data of the
methyl dodecanoate + glycerol system, at atmospheric pressure
and at temperatures ranging from 370 to 438 K and already applied
for modeling other biodiesel multicomponent systems [27]. In the
case of the ethanol + glycerol binary, the kij parameter was taken
from the work by Oliveira et al. [28] who used a 3  2B scheme
for correlating the corresponding vapor–liquid equilibria data, at
atmospheric pressure and at temperatures ranging from 363 to
453 K. All parameters mentioned above are given in Table 4. Note
that all required binary interaction parameters and cross-associa-
tion volumes were taken from the literature and no readjustment
was performed in this case.
Having the CPA pure compounds parameters, the binary inter-
action parameters and the cross-association volumes, it was then
possible to predict the measured multicomponent phase equilibria.
A slightly better LLE prediction was obtained when using pureparameters estimated from the ester carbon number correlations
proposed in the literature, as shown in Fig. 2, where the predicted
and experimental ethanol distribution coefﬁcients are plotted. The
average deviations between the experimental and calculated com-
positions in both phases are shown in Table 5. Deviations are with-
in the range 2.71–12.48% and a global average deviation of 5.88%
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Fig. 3. Liquid–liquid equilibria for the system containing ethyl linoleate (1) + eth-
anol (5) + glycerol (6) at 323.15 K. Experimental (d and –––) and CPA EoS results
using CPA pure compound parameters for esters computed from ester carbon
number correlations (—).
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Fig. 4. Liquid–liquid equilibria for the system containing ethyl linoleate (1) + eth-
anol (5) + glycerol (6) at 353.15 K. Experimental (d and –––) and CPA EoS results
using CPA pure compound parameters for esters computed from ester carbon
number correlations (—).
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Fig. 5. Liquid–liquid equilibria for the system containing ethyl oleate (2) + ethanol
(5) + glycerol (6) at 323.15 K. Experimental (d and –––) and CPA EoS results using
CPA pure compound parameters for esters computed from ester carbon number
correlations (—).
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Fig. 6. Liquid–liquid equilibria for the system containing ethyl oleate (2) + ethanol
(5) + glycerol (6) at 353.15 K. Experimental (d and –––) and CPA EoS results using
CPA pure compound parameters for esters computed from ester carbon number
correlations (—).
392 L.A. Follegatti-Romero et al. / Fuel 94 (2012) 386–394was obtained using pure parameters obtained from the ester car-
bon number correlations. In the case of pure parameters based
on the regression of vapor pressure and liquid density data, the
deviations were slightly higher.
Figs. 3–8 shows the experimental and predicted tie-lines for
ethyl linoleate, oleate and palmitate ternary systems in the se-
lected temperature range The predicted tie-lines given in these ﬁg-
ures were calculated using the pure parameters determined from
the ester carbon number correlations proposed in the literature.
As can be observed in these ﬁgures, the deviations between exper-
imental and calculated values are larger in the region close to the
plait point. Similar average deviation between the experimentaland calculated compositions by CPA EoS were recently reported
by Follegatti-Romero et al. [28] for fatty systems containing ethyl
esters, ethanol and water.
Transesteriﬁcation reaction is strongly inﬂuenced by molar ra-
tio of alcohol to vegetable oil. In fact, this is a reversible reaction,
requiring an excess of ethanol for enhancing the oil conversion.
For this reason a 6:1 ethanol/oil molar ratio is generally considered
the most appropriate. In the case of this molar ratio, the following
approximate overall composition is usually obtained at the end of
the ethanolysis reaction, if one assumes the complete oil conver-
sion: 80 mass% of biodiesel, 12 mass% of excess ethanol and 8
mass% of glycerol. This composition indicates that the lower part
w3
w5
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
w6
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fig. 7. Liquid–liquid equilibria for the system containing ethyl palmitate (3) + eth-
anol (5) + glycerol (6) at 323.15 K. Experimental (d and –––) and CPA EoS results
using CPA pure compound parameters for esters computed from ester carbon
number correlations (—).
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Fig. 8. Liquid–liquid equilibria for the system containing ethyl palmitate (3) + eth-
anol (5) + glycerol (6) at 353.15 K. Experimental (d and –––) and CPA EoS results
using CPA pure compound parameters for esters computed from ester carbon
number correlations (—).
L.A. Follegatti-Romero et al. / Fuel 94 (2012) 386–394 393of the phase splitting region in the phase equilibrium diagrams is
the most important one for designing the separation process of
ethylic biodiesel. This part is exactly the region particularly well
described by the CPA Equation of State.
Once again, and following previous works [24,27,31], the results
here presented show the very good predictive capability of the CPA
EoS and the transferability of its binary parameters obtained from
binary phase equilibria data, to predict phase equilibria of
multicomponent systems of relevance for biodiesel production
processes.4. Conclusions
New measurements for the liquid–liquid equilibria data were
carried out in this work for the ethyl linoleate/ethyl oleate/ethyl
palmitate/ethyl laurate + ethanol + glycerol systems at 323.15
and 353.15 K.
The experimental data were successfully predicted with the Cu-
bic-Plus-Association Equation of State (CPA EoS). Two approaches
were used to estimate esters CPA pure compound parameters
and the LLE results were taken into account for the selection of
the most adequate set.
Global average deviations below 6% were obtained, using tem-
perature independent interaction parameters previously correlated
from binary data.Acknowledgments
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